Introduction
Due to the requirements for energy saving, safety and environment, lightweight of cars/autombile are urgently needed to reduce fuel consumption and emissions. Advanced high strength steels (AHSSs), such as dual phase steel, TRIP (transformation-induced plasticity) steel, TWIP (twinning-induced plasticity) steel, QP (quenching and partitioning) steel, etc., have been studied for many years because they have a good combination of strength and plasticity [1] [2] [3] . Currently, these steels are being intensively developed to meet the requirements of next generation automobile steels which are expected to reduce the costs 4 . Fe-Mn alloys, as one kind of AHSSs, have a potential to be the next generation automobile steel on account of they having TWIP/TRIP effect. These alloys have been the focus of recent studies to meet the new requirements imposed by applications, especially in the automotive industry [4] [5] [6] . Li et al. 7 reported that the Fe-Mn based alloy exhibited good combination of high tensile strength (over 1 GPa) and large ductility (about 60%). Song et al. 8 , using strip-casting, obtained Fe-Mn alloy strips with maximum tensile strength 1077MPa and maximum total elongation 25%, respectively.
However, the wide utilization of Fe-Mn alloys is limited by several factors. In view of the sharp work hardening behavior 9 , these alloys are really difficult to be cold rolled in conventional procedures. Moreover, high deformation resistance results in edge cracks during hot rolling; low thermal conductivity makes slab crack in continuously casting process; selective oxidization gives rise to micro scales on the surface 10 . Hence, new methods or alternative procedures should be taken into consideration to solve or avoid these problems.
Near net shaping technique is regarded as an effective way to solve the problems mentioned above. Atomized powders are frequently employed as raw materials in near-net shape methods because it has an advantage in shaping the complex components. In addition, the investigation of structure and phase transition of atomized powders is helpful to in exploring the structure formation of spray deposition.
In this work we focused on formed structures and phase transitions in Fe-Mn alloy atomized powders. The influence of composition and powder size on the structures and phase transition were investigated.
Experimental
Fe-Mn alloys were prepared from the commercial pure Fe (99.95wt.%) and pure Mn (99.7wt.%). Fe-Mn atomized powders were fabricated by high pressure gas atomization method. Five different powder size ranges, <25μm, 38~53μm, 63~75μm, 106~150μm, >180μm, were screened by using Raymond's M200 three-D vibrating screen. The atomized powders with three different compositions were prepared. The compositions of the atomized powders were measured by using inductively coupled plasma optical emission spectrometer (ICP-OES). The measured compositions are 1.3, 7.8, and 11.7wt.% Mn, respectively (see Table 1 ).
The existing phases in the atomized alloy powders were determined by X-ray diffraction (XRD). Micro hardness of the alloy powders were measured by using Vickers hardness tester. Microstructure investigations were carried out by transmission electron microscopy (TEM Rigaku, D/max 2550, JEOL-2010). Specimen for TEM test were prepared using double beam focused ion beam (FIB). Figure 1 shows the preparation process of specimens for TEM by using FIB.
Results

Formed phase of atomized powders
3.1.1. XRD analysis Figure 2 shows the XRD patterns of the gas atomized powders of Fe-(1.3, 7.9, 11.7) Mn alloys with particle sizes of <25µm, 38-53µm, 63-75µm, 106-150µm, >180µm. In this paper we investigated the microstructure and phase transition of atomized Fe-(1.3, 7.9, 11.7 wt.%) Mn alloy powders. The results show that the main phases of Fe-1.3Mn, Fe-7.9Mn and Fe-11.7Mn powders are ferrite, α'-martensite+austenite, α'-martensite+ε-martensite+austenite, respectively. The δ-ferrite in the Fe-1.3Mn powder is the high-temperature δ-ferrite directly formed from liquid, companying by a small number of nanometer sized austenite particles precipitated from the ferrite matrix. In the Fe-11.7Mn powder, the γ-austenite, ε-martensite and α'-martensite are found in the same region and have the K-S orientation relationship, suggesting phase transitions of γ-austenite → ε-martensite → α'-martensite and γ → α'-martensite.
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be seen that the phase structures of the powders vary with the composition: only bcc phase in Fe-1.3Mn powders; bcc and fcc phases in the Fe-7.9Mn powders; bcc, fcc and hcp phases in the Fe-11.7Mn powders. Moreover, the influence of particle sizes on the phase structure is not found in the Fe-Mn powders with the same composition. According to the literature [11] [12] [13] , the phases with fcc and hcp structures in Fe-Mn alloys are austenite and ε-martensite, respectively. The bcc phase may be either ferrite or α'-martensite.
Hardness measurement and structures
In order to further determine the formed phases of Fe-Mn atomized powders, microhardness test was conducted due to the existing hardness difference between ferrite and α'-martensite. For the powders with diameter being smaller than 53µm, it is hard to obtain the accurate hardness data due to small size, Figure 3 shows the micro hardness of atomized powders with different size ranges, 63-75µm, 106-150µm, >180µm, respectively.
The micro hardness values of Fe-1.3Mn, 7.9Mn and 11.7Mn powders are in the range of 249.6HV~266.7HV, 403.6HV~478.6HV and 350.4HV~517.1HV, respectively. On account of the fact that the micro hardness value of martensite in Mn-steel is higher than 300HV, it indicates that the bcc structure phase is ferrite in the Fe-1.3Mn alloy atomized powders, and should be α'-martensite in both the Fe-7.9Mn and Fe-11.7Mn atomized powders. Figure 4a shows the grain sizes of atomized powders. It could be seen that the grain size is proportional to the diameter of powders. Figure 4b -d present SEM images of the cross sections structure of Fe-Mn alloy powders with the diameter of 20µm. The dendrite morphology can be obviously observed in Fe-7.9Mn and Fe-11.7Mn powders. The structure morphology of Fe-1.3Mn powder is not clear but the white particles in nanometer size can be seen in the matrix.
TEM analysis
Figure 5a-c show the TEM micrographs of Fe-1.3Mn alloy powders with size of 4µm, 75µm and 170µm. A precipitated phase in nano size can be observed in all these three powders (highlighted by red circle and arrows). Figure 5d shows the selected area electron diffraction (SADP) of the precipitated phase, which are identified as austenite phase. Figure 6a and 6b show TEM micrographs of Fe-7.9Mn alloy powders under the bright field and dark field, respectively. According to the SADP, the phase with a banding shape is austenite in Figure 6a and 6b. Moreover, two sets of lattice coexist, i.e. bcc and fcc structure, as shown in Figure 6c . Figure 6d shows the SADP of matrix which was marked Figure 6a . The result presents that the structure of the matrix phase is bcc, which is consistent with the XRD results. The matrix phase should be α'-martensite according to the micro hardness measurement results. Figure 7 shows a TEM micrograph and SADP of the matrix in the Fe-11.7Mn atomized powder. It can be seen that the matrix phase has a bcc structure, which should be α'-martensite according to the micro hardness measurement results. Figure 8 Figure 9 are TEM micrographs of the nano precipitated austenite in the Fe-1.3Mn alloy powder. It can be observed that these near spherical nano austenite is in a size range of 10nm ~100nm (see Figure 9a ). An amplified image of a nano precipitated austenite is shown in Figure 9b . Figure 10a is a TEM micrograph of an elliptical precipitated austenite. The length of its long axis and short axis are 109nm and 72nm, respectively. EDS measurements were performed along a line through the particle as shown in Figure 10 . Table 2 shows the corresponding EDS values measured at the 9 points. It can be seen that the precipitated austenite possesses high manganese content. The manganese content continuously increases from the edge to the center of the particle. It means that the precipitated austenite are Mn-rich phase. Figures 11c, 11d and 11e show the mismatch condition between precipitated phase and matrix lattice plane. In the Figure 11c , 8 times identity distance of fcc structure precipitated phase (111) plane (2.448nm) are nearly equal to 5 times of bcc structure matrix ( (101) ) plane (2.448nm), which means that the mismatch is δ=0.5. As shown in Figure 11d , 10 times identity distance of fcc structure precipitated phase (101) plane (3.112nm) are nearly equal to 5 times of bcc structure matrix (101) plane (3.112nm), which suggests that the mismatch is δ=0.5. In Figure 11e , 11 times identity distance of fcc structure precipitated phase (111) plane (3.032nm) are nearly equal to 8 times of bcc structure matrix (020) plane (3.032nm), which indicates that the mismatch is δ=0.272. According to the mismatch values obtained in the three figures, it presents that the two planes do not parallel each other, showing a non-coherent relationship. According to N-W and K-S relationship 14, 15 , if there is precipitation relationship between austenite and martensite, it will perform coherent or half coherent between (111) fcc and (110) bcc family of crystal planes. However, the non-coherent relationship between the precipitated phase and matrix in the Fe-1.3Mn atomized powder also means that the matrix and parent phase do not match N-W or K-S relationship. It further confirms that the bcc structure is ferrite rather than martensite.
Nano size phase in Fe-1.3Mn powders
Moreover, the increase of Mn contents from edge to the center in the precipitated particles (see Figure 10 and Table 2) indicates that there exist the manganese atom diffusion during the formation of precipitated phase, belonging to diffusion phase transition rather than the shear or a simply enrichment of manganese element. Generally, coherent relationship between precipitate phase and matrix is really difficult to be generated during the diffusive transformation on account of the phase transition processes depending on the movement of phase interface. It shows a consistent with the results shown in Figure 11 .
From the diffraction lattice in Figure 5d , it can be found that, ferrite (011) 
They do not fit the the N-W or K-S relationship 14, 15 , which is the relationship that the bcc structure phase precipitated from the fcc structure. Therefore, according to the analysis, it can conclude that the ferrite should be high temperature δ-ferrite and the austenite should precipitated from the high temperature δ-ferrite.
Orientation relationship of existed phase in
Fe-11.7Mn powders
As mentioned previously, it can be surely concluded that the austenite (nano particles) is precipitated from the ferrite in Fe-1.3Mn powder; the α'-martensite is formed from the austenite in Fe-7.9Mn powder according to the Fe-Mn . L. bracke 16 , based on this model, found that γ → ε → α' transformation occurred in Fe-18Mn-0.25C-0.084N alloy.
Discussion
As mentioned above, in Fe-1.3Mn alloy powders, ferrite phase should be the high-temperature ferrite formed from liquid. Only some nano sized γ austenite particles precipitate from the ferrite phase because the δ → γ phase transition is largely inhibited due to the high cooling rate. According to Fe-Mn phase diagram, temperature interval of δ-ferrite phase is only about 30 °C in the Fe-7.9Mn alloy. In view of quite high cooling rate of atomized powder, liquid alloy may be directly undercooled to austenite zone. The formed austenite from the melt transforms to α'-martensite at solid state. The room temperature structures are composed of α'-martensite +γ-austenite (retained austenite).
In Fe-11.7Mn powders, room temperature structures include γ-austenite + ε-martensite + α›-martensite. Since it almost is in the austenite zone, the liquid alloy can directly transform into austenite. Subsequently, both γ → ε-martensite → α›-martensite and γ → α›-martensite occurred. Eventually, the room-temperature phases are α›-martensite + ε-martensite + γ-austenite (retained austenite). In Fe-Mn alloys, the phase transition from metastable fcc austenitic to bcc α'-martensite is a most important factor for the strength and plastic increase during plastic deformation. Two-step transformation (γ → ε→ α') for γ → α' have been observed. It suggests that ε phase is intermediate phase in the phase transition. As Walter proposed that ε phase can be as the intermediate product or so called "transient phase" formed in γ→α' transformation 18 .
Conclusions
This paper investigated the solidification structure of the Fe-(1.3, 7.9, 11.7 wt.%) Mn gas atomized powders. The results show that mainly formed phases are ferrite, α'-martensite + austenite, α'-martensite + ε-martensite + austenite in Fe-1.3, 7.9, and 11.7Mn atomized powders, respectively. In addition, it is found that the formed phases are not evolved with the variation of powder size. For the Fe-1.3Mn powders, the ferrite phase should be the high-temperature ferrite formed from liquid, and Nano sized austenite particles precipitated from the ferrite matrix. For the 7.9Mn powders, austenite directly formed from liquid alloy due to rapid cooling rate and subsequently transformed to α'-martensite at solid state. But for Fe-11.7Mn powders, both γ → ε-martensite → α'-martensite and γ → α'-martensite occur during the solid-state phase transition.
